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ABSTRACT
A 1:10,000 scale landslide inventory map has been prepared for the area between the Furiano
and Rosmarino creeks, in the Nebrodi Mountains (north-eastern Sicily, Italy), a territory highly
prone to slope failures, due to the local geological and geomorphological settings and
intense rainfall. The landslide inventory database included within the Hydrogeological
Setting Plan of the Sicily Region has been used as a starting point for this work. The updated
inventory map has been compiled through a combination of conventional approaches (i.e.
aerial photo-interpretation and field surveys) and new remote sensing techniques (ground
deformation measurements obtained by interferometric analysis of satellite Synthetic
Aperture Radar images). The new landslide inventory consists of 566 events, classified
according to their typology and state of activity.
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1. Introduction
Landslide mapping activities rely on the representation
of the spatial distribution, typology and state of activity
of mass movements that have left detectable evidence
on the investigated areas (Guzzetti, Cardinali, & Reich-
enbach, 1996, 2012; Hervás, 2012; Malamud, Turcotte,
Guzzetti, & Reichenbach, 2004; van Westen, van Asch,
& Soeters, 2006).
The landslide inventory map (LIM) is the basic tool
for any landslide hazard assessment at different scales
and contributes to the improvement of risk manage-
ment strategies for such natural hazards (Ciampalini
et al., 2015; Guzzetti, Cardinali, Reichenbach, & Car-
rara, 2000; Hansen, 1984; Pašek, 1975).
LIMs date back to the 1970s (Carrara & Merenda,
1974), however since then many different mapping
approaches exploiting both conventional (i.e. stereo-
scopic interpretation of aerial photography) (Ardiz-
zone et al., 2012; Conforti, Muto, Rago, & Critelli,
2014; Nichol, Shaker, & Wong, 2006) and emerging
techniques (mainly based on satellite remote sensing)
(Mondini et al., 2011; Stumpf & Kerle, 2011) have
been implemented and used to document the occur-
rence of landslides in a certain study area.
Conventional methods for the production of LIM
are based on the recognition of landslides and other
geomorphological and hydrological features through
the visual (stereoscopic) interpretation of aerial photo-
graphs, supported by field surveys for validation.
These well-established methods, which have been uti-
lized with standardized procedures for several
decades, represent some of the most reliable tools,
but they are resource intensive and time consuming
(Brunsden, 1985; Cardinali et al., 2002). From the
early 1990s, a number of modern techniques based
on airborne and satellite remote sensing data have
been used for the recognition of landslide features
(Rengers, Soeters, & van Westen, 1992). These new
remote sensing technologies can support the compi-
lation of LIMs, reducing the time for their production
and saving economic resources required for timely
updates.
Exhaustive review of the application of remote sen-
sing techniques for landslide studies during the 1990s
was undertaken by Mantovani, Soeters, and van Wes-
ten (1996). A further review was lately provided by
Metternicht, Hurni, and Gogu (2005), who analysed
the use of remote sensing data in landslide studies
during the 1980s, 1990s and 2000s. More recently,
Guzzetti et al. (2012), besides the outline of the prin-
ciples for landslide mapping, reviewed both conven-
tional methods and new technologies for the
preparation of landslide maps.
A great variability of mapping procedures exists
(Parise, 2001), depending on the exploited technique,
on the ultimate purpose of the inventory as well as
on the extent of the investigated area. Finally, the qual-
ity and the accuracy of the produced map may vary sig-
nificantly with the scale of the map, the detail of the
available information and the resources allocated to
complete the work (Guzzetti et al., 2000; Mantovani
et al., 1996).
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Among the many new technologies used in land-
slide investigations, the exploitation of images acquired
by satellite Synthetic Aperture Radar (SAR) sensors is
one of the most widespread. SAR-based techniques
are capable of detecting and measuring displacements
at specific points within large areas and to construct
time series of deformation with millimetre accuracy.
For this purpose, two main approaches can be adopted:
(i) Differential SAR Interferometry (DInSAR), based
on the comparison of the phase matrices of two SAR
images acquired over the same target area (Fruneau,
Achache, & Delacourt, 1996; García-Davalillo, Herrera,
Notti, Strozzi, & Álvarez-Fernández, 2014; Massonnet
& Feigl, 1998; Massonnet, Feigl, Rossi, & Adragna,
1994; Squarzoni, Delacourt, & Allemand, 2003), and
(ii) A-DInSAR (Advanced DInSAR), a family of tech-
niques which relies on the processing of several (at
least 15, or more), co-registered, multi-temporal satel-
lite SAR scenes.
Within the A-DInSAR family, the PSInSAR™ (Per-
manent Scatterer InSAR) technique (Ferretti, Prati, &
Rocca, 2000, 2001) and its evolution SqueeSAR™ (Fer-
retti et al., 2011) provide accurate information on the
possible displacement of a network of radar targets
(the Persistent and Distributed Scatterers, PS and DS)
exhibiting a coherence level constant in time, such as
man-made structures (e.g. buildings, roads and
bridges) or natural features (e.g. rocky outcrops and
bare soils).
Through the so-called ‘radar interpretation’ (Far-
ina, Colombo, Fumagalli, Marks, & Moretti, 2006) a
‘geomorphological’ meaning is assigned to the scat-
tered point-wise ground displacement measurements
derived from the interferometric analysis, by identify-
ing, in areas characterized by deformation, terrain fea-
tures and landforms related to slope instability.
Examples of successful applications of A-DInSAR tech-
niques to landslide analysis are presented by Hilley,
Bürgmann, Ferretti, Novali, and Rocca, (2004), Herrera
et al. (2011), Bianchini et al. (2013), Tofani, Raspini,
Catani, and Casagli (2013), and Ciampalini et al.
(2014).
The present study deals with landslide mapping in
the area surrounding the San Fratello village (north-
ern Sicily, Italy) between the Furiano creek on the
west and the Rosmarino creek on the east. This
area has a long history of landslide events. LIM
activity for this area is aimed at integrating satel-
lite-based ground deformation measurements with
geomorphological analysis of landforms, that is,
coupling a new remote sensing technique with a con-
ventional approach.
2. The study area
The study area (Figure 1) extends for 160 km2 in the
Messina province, along the Tyrrhenian coast of Sicily,
Italy. The river catchments included in the area are
located along the northern-facing slope of the Nebrodi
Mountains, a 70-km-long ridge with an ENE–WSW
direction, within the southern Apennine chain. The
Messina province is highly prone to landslides, mainly
due to the steep topography, its geological nature and
the occurrence, seasonally, of intense rainfall events
(mostly falling in the period from October to Febru-
ary). Landslides, including shallow soil slides and deb-
ris flows, deep-seated rotational and translational
slides, and complex and compound failures (according
to the classification of Varnes, 1978) are abundant in
the area, and caused primarily by rainfall (Goswami,
Mitchell, & Brocklehurst, 2011; Raspini, Moretti, &
Casagli, 2013). Between the end of 2009 and the begin-
ning of 2010, intense and exceptional rainfall events
affected the Nebrodi Mountains triggering several
landslide events which caused extensive damage and
casualties. One of the most affected zones was the
area of the San Fratello village, a site with a long history
of landslides (Bardi et al., 2014; Bianchini et al., 2014;
Ciampalini et al., 2014).
3. Geological and geomorphological
framework
From a geological point of view (Figure 1), the area is
part of a collisional system, developed since the Late
Cretaceous, as the result of the convergence between
the European and African-Adriatic plates (Corrado,
Aldega, Balestrieri, Maniscalco, & Grasso, 2009). The
area is characterized by the presence of two main struc-
tural domains: the Kabilian–Peloritan–Calabrian
domain (located in the northeast sector of the study
area), overthrust on the Apenninic–Maghrebian
domain (outcropping in the southwest sector) (Lentini
et al., 2000).
The Kabilian–Peloritan–Calabrian belt is composed
of Paleozoic epimetamorphic rocks with related Meso-
zoic-Early Tertiary sedimentary covers (Giunta &
Nigro, 1999; Ogniben, 1960), overthrust by the Manda-
nici and Aspromonte units, which represent the Paleo-
zoic metamorphic basement (Giunta & Somma, 1996).
These metamorphic rocks are overlain by the Capo
D’Orlando Flysch (Oligocene-Burdigalian) (Bonardi
et al., 1980).
The Apenninic–Maghrebian domain is represented
by the Monte Soro unit, consisting of a 1500 m thick
sequence of black and varicoloured shales with carbon-
ate intercalations (Corrado et al., 2009). This unit is
overlain by Cretaceous red and green shales with silt-
stones and fine-grained sandstones (Argille Scagliose
Superiori).
The Early foredeep deposits are represented by the
Antisicilide unit that is made of varicoloured clays of
the oceanic domain (Lentini, Carbone, & Grasso,
2000) and of the clastic deposits belonging to the
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Maragone unit and the Numidian flysch (Catalano, Di
Stefano, Sulli, & Vitale, 1996).
In the area, elevation ranges from sea level to about
1500 m and terrain gradient is in the range 0–80°. The
catchments exhibit an ephemeral hydrological regime.
The geomorphology of the study area shows the
typical features of the north-eastern Sicilian coastline.
Steep slopes, narrow valleys and high relief energy
are the main geomorphological features. The test site
is strongly influenced by the geo-structural conditions
and recent tectonic activity: slopes rise sharply from the
coastal plain and are deeply cut by N–NW-directed
creek valleys.
The morphometric characteristics of the river
basins, represented by a river network having regular
and parallel paths, are influenced by the short distance
separating the watershed from the coast. River catch-
ments have a reduced widening with a significant
transport of solid materials. The presence of the
so-called ‘fiumare’, straight, steep course, gravel-bed
rivers draining mountain areas is typical of Mediterra-
nean climate regions. Their flow varies seasonally and
their regime is torrential with catastrophic transport
of solid material following heavy rainfall, causing
severe damage if flooding occurs close to populated
centres.
4. Methodology
For the study area, we prepared a detailed LIM at
1:10,000 scale. The final purpose of this study was the
updating and improvement of pre-existing landslide
inventory maps by mapping the phenomena not
previously recorded and including information on
typology and state of activity of each identified
phenomenon.
The pre-existing LIM of the study area is the Piano di
Assetto Idrogeologico, Hydro-geological Setting Plan
(PAI) (Adb Regione Sicilia, 2012), which is dated up
to 2012 and includes landslides classified with respect
to typology and state of activity (active, dormant, inac-
tive – including relict and abandoned phenomena – and
stabilized), according to a simplified version of Cruden
and Varnes (1996) classification (Figure 2).
The pre-existing LIM, between the Furiano and Ros-
marino creeks, consists of 395 events: 10 (2%) rockfalls
or topples, 36 (10%) rapid flows, 46 (12%) slides, 152
(38%) complex landslides, 17 (4%) flows, 40 (10%)
superficial instability events, 57 (14%) creep or solifluc-
tions and 37 (10%) rapid erosion. In total, the mapped
phenomena within the pre-existing inventory map
cover an area of 28.8 km2.
The updating of the PAI has been performed
through a combination of: (i) radar interpretation of
four different available SAR datasets, processed with
the SqueeSAR™ approach; (ii) photo-interpretation
of 1:33,000 scale aerial photographs flown in 1954,
1955 and 2005; and (iii) field surveys carried out for
the final validation.
Radar- and photo-interpretation procedures com-
bined with a field validation allowed the detection,
mapping and characterization of landslides. In particu-
lar, landslide detection (recognition of topographic fea-
tures related to surface movements) and classification
(identification of the typology of landslides according
to standardized classifications) were mainly based on
Figure 1. Schematic geological map (redrawn from Lentini et al., 2000) of the Nebrodi Mountains. The black square represents the
study area.
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visual interpretation of aerial photographs, whilst map-
ping and assessment of the state of activity of landslides
benefited from SAR-based information.
Recognition of landslides and related geomorpholo-
gical and hydrological features through the stereo-
scopic analysis of aerial photographs is a complex
operation that requires training, experience, a systema-
tic methodology and well-defined interpretation cri-
teria. Photo-interpretation is aimed at detecting and
classifying geological objects and geomorphological
forms, by analysing different characteristics that can
be identified or inferred from the photographs (i.e.
shape, size, colour, tone, mottling, texture, and pattern
of objects and site topography). The final purpose of
photo-interpretation is the detection of discernible fea-
tures related to mass movements.
Photo-interpretation has been supported by out-
comes of the SqueeSAR™ analysis applied to four
SAR datasets (Table 1). The SqueeSAR™ approach is
the most consolidated technique to accurately map,
monitor and analyse ground motion in natural terrain
(Ferretti et al., 2011).
Despite this effectiveness, some limitations have to
be considered when dealing with SAR-based infor-
mation: firstly, the low sensitivity to detect movements
with a predominant horizontal N–S direction, whilst in
contrast zenithal or E–W components can be success-
fully observed and evaluated. In the present work, this
problem is reduced as the study area is characterized by
N–S oriented ridges and E–W facing slopes.
Moreover, it is known that SAR-interferometry
techniques can only be exploited to map slow-moving
landslides that are classified according to Cruden and
Varnes (1996), as extremely slow (velocity < 16 mm/
yr) and very slow (16 mm/yr < velocity < 1,6 m/yr),
due to the intrinsic characteristics of the acquisition
systems (i.e. signal wavelength and revisit time). There-
fore, the phenomena classified within the PAI as ‘rapid
erosion’ and ‘rapid flow’ cannot be detected due to
their rapid and intermittent kinematics, and they are
not included in the statistical analysis.
Finally, specific field checks and surveys were car-
ried out in November 2012 and January 2013, in
order to validate Persistent Scatterer Interferometry
Figure 2. Pre-existing landslide inventory map (PAI – Piano di Assetto Idrogeologico) for the study area.
Table 1. Characteristics (employed band, acquisition geometry, revisiting time, temporal interval, number of scenes and PS density)
of the datasets used for the update of the LIM. CSA: Canadian Space Agency; ASI (Italian Space Agency).
Satellite Agency Band Geometry Revisiting time (day)
Temporal range
(dd/mm/yy) No. of scenes PS (km2)
RADARSAT-1 CSA C Ascending 24 30/12/05–04/09/09 46 112.73
RADARSAT-1 CSA C Descending 24 31/01/06–06/10/09 47 86.86
COSMO-SkyMed (CSK) ASI X Ascending 4 01/05/11–03/05/12 26 219.85
COSMO-SkyMed (CSK) ASI X Descending 4 16/05/11–02/05/12 32 400.62
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Figure 3. Updated LIM. In the inset, the close-up area of Militello Rosmarino of Figures 4, 5 and Figure 6 is shown.
Figure 4. PAI in the area south of Militello Rosmarino.
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(PSI)-based analysis performed at a desk, prior to in-
situ investigations. Field surveys focused on both
ground and building crack identification. Field checks
and observations also allowed the recognition of typical
indicators of landslide movement (e.g. trenches, scarps,
counterscarps and cracks).
The applied procedure allows the updating of the
pre-existing LIM by identifying new landslides, modi-
fying the boundaries of pre-existing ones and assessing
the typology and the state of activity following the Cru-
den and Varnes (1996) classification. The simultaneous
use of two different interferometric datasets, acquired
in different periods, is very useful to evaluate the
state of activity of slow-moving landslides. The assess-
ment of the state of activity is based on the comparison
between the mean velocity detected using of the older
available datasets (RADARSAT-1 2006–2009) and
that obtained using more recent ones (CSK 2011–
2012). In order to update the landslide state of activity,
a simplified version of the terminology proposed by
Cruden and Varnes (1996) is used and it consists of
three classes: active (PS velocity higher than 1.5 mm/
yr in both RADARSAT and CSK datasets), inactive
(PS velocity lower than 1.5 mm/yr in both RADARSAT
and CSK datasets) and not determined (lack of inter-
ferometric data).
5. Results and discussion
LIM has been performed at basin scale including recog-
nition, mapping, classification and assessment of state
of activity of each identified phenomenon. The updated
inventory map of Figure 3 shows: (i) the distribution,
typology and state of activity of the landslides and
(ii) information on fluvial processes and other geomor-
phological features (i.e. fluvial and marine terraces).
Landslide classification was based on the prevalent
type of movement (Cruden & Varnes, 1996), the esti-
mated depth and the relative age. Landslide types
were determined by considering the local morphologi-
cal characteristics, the appearance on the aerial photo-
graphs, and the lithological and structural setting.
Landslides are represented by rockfalls and topples,
flows, slides and complex landslides.
Rockfalls and topples are located predominantly in
the northern part of the area, where steep slopes and
Figure 5. PSI results for the Militello Rosmarino area: (a) RADARSAT-1 ascending; (b) RADARSAT-1 descending; (c) CSK ascending;
(d) CSK descending.
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more resistant rocks are present (i.e. Mesozoic-Early
Tertiary massive limestone belonging to the Kabi-
lian–Peloritan–Calabrian belt). The source areas of
the rockfalls and topples are the result of a single
event or of multiple events that occurred at different
times, and are likely associated with the presence of
faults, joints and multiple cleavage systems.
Flows are superficial phenomena more common in
the south-eastern part of the area where the for-
mation of the Argille Scagliose (scaly clay) crops out
extensively. Moreover, flows have been mapped
where debris is abundant along the slopes, such as
in tectonized areas, in landslide deposits and along
scree slopes.
Small slides are mostly shallow translational move-
ments located inside other landslides and along undis-
turbed slopes. Larger slides are deep-seated, rotational
and translational slides. Deep-seated landslides involve
large volumes of material and affect the local mor-
phology and geological structures.
Complex landslides are characterized by a combi-
nation of two or more types of movement with a spatial
and temporal predominance of one of them.
Where possible, slides and complex landslides were
mapped separating the depletion area (with a concave
profile) and the accumulation zone (characterized by
an irregular or convex profile representing the deposit).
In the case of flow-type landslides and rockfalls, the
mapped perimeter includes both source area and
run-out/accumulation zone.
The updated LIM consists of 566 events: 15 (2.7%)
rockfalls and topples, 136 (24.0%) complex landslides,
188 (33.2%) flows and 227 (40.1%) slides. In total, the
mapped phenomena of the updated inventory map
cover an area of 74.1 km2. (Main Map)
Three classes have been adopted for a second-level
classification of the landslide events included in the
updated inventory map: confirmed (when the per-
imeter of the landslide mapped within the PAI was
confirmed as it is), enlarged (when the boundaries of
the phenomenon were increased) and new (when a
new phenomenon has been identified and mapped)
(Figure 3).
Summarizing, within the whole updated LIM, 120
events (21.2%) of the pre-existing database have been
enlarged, 155 events (27.4%) have been confirmed,
while 291 (51.4%) new phenomena have been mapped.
A representative example of the performed activity
and of the type of landslides mapped in the whole
area is reported below for the area of Militello Rosmar-
ino, located along the left bank of the Rosmarino river.
Figure 4 shows the PAI, which records few instability
events, among which some complex landslides, creep
events and small rockfall areas.
An overview of the PSI results for RADARSAT-1
and CSK datasets is shown in Figure 5. The PSI results
Figure 6. Updated LIM in the area south of Militello Rosmarino.
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highlight ground displacements in both old (2006–
2009) and recent (2011–2012) scenarios. In particular,
available datasets identify a large sector, south of the
Militello Rosmarino village, characterized by a displa-
cement with an average velocity ranging from −6 to
−15 mm/yr with peaks of −20 mm/yr in the RADAR-
SAT-1 dataset, and from−10 to−25 mm/yr with peaks
of −34 mm/yr in the CSK dataset.
Radar- and photo-interpretation, analysis of Digi-
tal Elevation Model (DEM) and derived maps (i.e.
aspect and slope) and field surveys allow detection
and mapping of a large active complex landslide sys-
tem affecting the area (Figure 6). It is worth high-
lighting the occurrence of two large deposits of
rocky blocks at the foot of steep cliffs.
6. Conclusions
A 10,000 scale LIM has been prepared for the area
between the Furiano and Rosmarino creeks, on the
northern-facing slope of the Nebrodi Mountains
(Sicily, Italy), an area chronically affected by
landslides.
The starting point of this work was the pre-existing
landslide database included within the PAI of the Sicily
Region. The updating of the PAI database has been
performed through a combination of radar interpret-
ation of InSAR displacement measurements acquired
in different periods (2006–2009, RADARSAT-1 scenes
and 2011–2012, COSMO-SkyMed images), photo-
interpretation of 1:33,000 scale aerial photographs
and field surveys carried out for the final validation
in November 2012 and January 2013.
Integration of InSAR datasets and stereoscopic
analysis of aerial photographs were used to better
define the landslide boundaries, to highlight the
areas affected by ground displacements located out-
side the pre-existing landslide boundaries and to
detect ground deformation phenomena not pre-
viously mapped.
The updated landslide inventory consists of 566
events, classified according to their typology and state
of activity. The obtained results show an increase in
the mapped phenomena: 120 events (21.2%) of the
pre-existing database have been enlarged, 155 events
(27.4%) have been confirmed, while 291 (51.4%) new
phenomena mapped.
Output of the presented work can be used by local
administrations, decision makers and Civil Protection
authorities to prepare landslide susceptibility maps,
hazard models and risk mitigation plans.
Software
Esri ArcGIS 9.3 was used to digitize the landslide and geo-
morphological information collected by aerial photo-
interpretation. The cartographic rendering and layout
have been performed in Adobe Illustrator CS4.
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